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ABSTRACT 

HIV-infected individuals currently cannot be com- 
pletely cured because existing antiviral therapy 
regimens do not address HIV provirus DNA, 
flanked by long terminal repeats (LTRs), already 
integrated into host genome. Here, we present a 
possible alternative therapeutic approach to specif- 
ically and directly mediate deletion of the integrated 
full-length HIV provirus from infected and latently 
infected human T cell genomes by using specially 
designed zinc-finger nucleases (ZFNs) to target a 
sequence within the LTR that is well conserved 
across all clades. We designed and screened one 
pair of ZFN to target the highly conserved HIV-1 
5-LTR and 3 -LTR DNA sequences, named ZFN- 
LTR. We found that ZFN-LTR can specifically 
target and cleave the full-length HIV-1 proviral 
DNA in several infected and latently infected cell 
types and also HIV-1 infected human primary cells 
in vitro. We observed that the frequency of excision 
was 45.9% in infected human cell lines after treat- 
ment with ZFN-LTR, without significant host-cell 
genotoxicity. Taken together, our data demonstrate 
that a single ZFN-LTR pair can specifically and 
effectively cleave integrated full-length HIV-1 
proviral DNA and mediate antiretroviral activity in 
infected and latently infected cells, suggesting that 
this strategy could offer a novel approach to eradi- 
cate the HIV-1 virus from the infected host in the 
future. 



INTRODUCTION 

Although highly active antiretroviral treatment can sub- 
stantially improve the survival rate of HIV-infected indi- 
viduals, it cannot completely cure the patient (1). This 
is largely because current antiviral drugs are limited in 
their scope in that they can only inhibit the replication 
of HIV-1 virus. Although these therapies can target the 
viral proteins or receptors for viral entry, they cannot spe- 
cifically delete the integrated HIV proviral DNA. Without 
eradicating this proviral DNA, the infected individual 
cannot be cured. The integrated HIV provirus, located 
between the so-called long terminal repeats (LTRs), is 
not only used as template for viral gene transcription 
in the infected cells but also as the basis for the long 
incubation period of HIV in latency cells (2-5). 
Therefore, one promising strategy to eradicate HIV 
provirus from the host is to treat the disease at the root 
cause and specifically target and delete the integrated HIV 
provirus within these cells. Recently, Buchholz and 
colleagues developed a Cre-recombinase mutant, called 
Tre-recombinase, which recognizes a sequence 
(LoxLTR) located on the LTR of HIV strain TZB0003 
(6). Remarkably, this enzyme effectively deleted integrated 
HIV proviral DNA from infected cells. Unfortunately, 
the LTR sequence of strain TZB0003 is atypical for HIV 
and was chosen for these studies because of its similarity 
to the DNA sequence recognized by the wild-type Cre 
recombinase. The corresponding LTR sequences from 
other HIV strains are much more divergent from the 
wild-type Cre recognition sequence, and thus it is 
unlikely that this approach can ever be generalized to clin- 
ically relevant HIV strains (7). Although substrate-linked 
protein evolution could be used to construct additional 
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sequence-specific enzymes, execution would be impractical 
in many circumstances (8), for example, multiple enzymes 
per patient could be required, as HIV-1 diversifies to 
quasispecies as patients progress toward AIDS. This 
approach would therefore not be practical in clinical ap- 
plications treating a broad spectrum of patients infected 
with different HIV subtypes (7,8). 

Zinc-finger nucleases (ZFNs) are artificially modified 
endonucleases comprising two components: the DNA- 
binding zinc-finger domain specific to the DNA of 
interest and the non-specific Fokl restriction endonuclease 
DNA cleavage domain (9,10). Because they can direct 
DNA cleavage to specific sequences, ZFNs are now 
being used to target specific genes for gene modification 
purposes in various species (11-22). An area of great 
promise for ZFNs is in human gene therapy. For 
example, Perez et al. (13), using engineered ZFNs target- 
ing human CCR5 gene, encoding a receptor necessary for 
HIV entry into the T cell, previously demonstrated the 
establishment of HIV-1 resistance in CD4 + T cells 
through generation of a double-strand break (DSB) at 
pre-determined sites in the CCR5 coding region 
upstream of the natural CCR5D32 mutation. More 
recently, Holt et al. (14) demonstrated control of HIV-1 
infection within non-obese diabetic/severe combined 
immunodeficient/interleukin 2ry nu " mice transplanted 
with human hematopoietic stem/progenitor cells 
modified by ZFN targeting CCR5. Owing to its relative 
simplicity, ZFN-mediated genome surgery in primary 
human cells has become a reality: two phase I clinical 
trials (NCT00842634; NCTO 1044654) are underway to de- 
termine whether destruction of the CCR5 gene can confer 
protection from HIV infection when ZFNs are used to 
target and destroy CCR5 in autologous T cells from 
HIV patients. There are also studies using zinc-finger 
proteins to act as repressors of HIV (23,24) and to inter- 
fere with integration (25,26). However, none of the current 
strategies can directly target integrated HIV provirus 
genomes for cleavage using ZFNs. Here, unlike previous 
ZFN-mediated gene disruption strategies aiming to cure 
HIV by targeting the host coreceptor CCR5 gene 
pathways, we present a possible alternative therapeutic 
approach to specifically and directly mediate deletion of 
the integrated full-length HIV provirus from the host 
genome by one pair of ZFNs to target a sequence within 
the LTR that is well conserved across all clades. 



MATERIALS AND METHODS 

Generation of ZFNs 

The ZFN expression plasmids were obtained from Sigma's 
CompoZr product line. The ZFNs were designed, 
assembled, and validated by the company similar to what 
is described elsewhere (16). Sixteen ZFN pairs (target sites 
in Supplementary Table SI) were assembled by overlapping 
PCR and cloned into a vector upstream of a Fokl cleavage 
domain. Two pairs of ZFNs with confirmed activity in a 
yeast Mel-1 assay (16) were obtained commercially from 
Sigma-Aldrich (Supplementary Figure SI). Based on 
in vitro cleavage efficiency, one ZFN-LTR pair (ZFN- 



LTR-L and ZFN-LTR-R) was chosen for further testing 
in proof-of-principle experiments. ZFN-LTR pair used in 
this experiment had 1 1 zinc-finger domains recognizing 33 
bases, respectively (Figure 1A). To make catalytically 
inactive ZFN monomers, we introduced the D450A 
mutation (numbered relative to the native Fokl enzyme) 
(27) at the active site of the Fokl domains by site-directed 
mutagenesis using the oligonucleotides: D450A-forward: 
5'-GAAGCAGAAAGCCTGCCGGCGCCATCTATAC- 
3'; D450A-reverse: 5'-GTATAGATGGCGCCGGCAGG 
CTTTCTGCTTC-3'. 

Establishment of the HIV-l-infected cells and 
latently cells 

Jurkat T cells were cultured in RPMI 1640 containing 
100 units/ml of penicillin and streptomycin and supple- 
mented with 10% fetal bovine serum at 37°C under 5% 
C0 2 . To establish the HIV-l-infected and latently 
infected cell models, we used an HIV-1 pseudovirus that 
expresses enhanced green-fluorescent protein (EGFP) 
(pNL4-3-EGFP) to infect Jurkat T cells, as described by 
Jordan et al. (28). Briefly, 10 6 TCID50 pseudoviruses 
were used to infect Jurkat T cells. The EGFP-positive and 
EGFP-negative cell populations were then sorted by flow 
cytometry, and the EGFP-positive cells were used as the 
HIV-1 -pro virus-infected cell lines. Potential latently 
infected clones were identified by screening for EGFP re- 
activation and p24 antigen expression before and after 
stimulation. Under the stimulation of 200 nM trichostatin 
A (TSA) or 10 ng/ml phorbol 2-myristate 13-acetate, EGFP 
was expressed in some cells that were originally EGFP- 
negative. These EGFP reactivated cell populations were 
isolated by flow cytometry. Several clones were acquired 
by a limiting dilution assay. Further testing was performed 
using an HIV p24 enzyme-linked immunosorbent assay 
(ELISA) assay. Five HIV-1 latently infected cell lines 
were ultimately identified (29). Alu-LTR nest-PCR assay 
confirmed that the HIV-1 genome had been integrated in 
the genome of these clone lines. The latently infected cell 
line clone that showed the best reactivation effects was 
named Cll and chosen for use in our experiments. 

Isolation of primary peripheral blood lymphocyte and 
primary CD4 + T cells 

Peripheral blood mononuclear cells (PBMCs, from one 
blood unit, 200 ml) isolated from healthy donors were 
purchased from the Shanghai Blood Center (Shanghai, 
China). CD4 + T cells were further purified from PBMCs 
by using anti-CD4-antibodies-coated magnetic beads 
(Miltenyi Biotech), according to the manufacturer's 
instructions, and peripheral blood lymphocyte (PBLs) 
were isolated from PBMCs by depleting CD14 + mono- 
cytes, via using anti-CD 14-antibodies-coated magnetic 
beads (Miltenyi Biotech). PBLs or CD4 + T cells 
were stimulated for 3 days with phytohemagglutinin- 
P(PHA-P) (5pg/ml) and cultured in RPMI- 1640 medium 
supplemented with 10% fetal bovine serum and recombin- 
ant human interleukin-2 (20IU/ml; Roche Applied 
Science). 
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Figure 1. ZFN-LTR-induced excision of integrated HIV-1 proviral DNA in HIV-1 -infected cells. (A) Schematic representation of ZFN-LTR- 
mediated genome deletions. Red lines in the 5'- and 3'-LTR of HIV-1 genome indicate ZFN-LTR target sites. ZFN-LTR-L and ZFN-LTR-R 
are pairs of zinc-finger proteins that have been customized to specifically recognize the left and right half-sites (indicated by blue and red lines) that 
are separated by a 5 bp spacer. F-LTR and R-LTR are PCR primers (arrows) located in the 5'- and 3'-LTRs, respectively, which were used for the 
detection of genome deletion events. (B) T7 endonuclease 1 assay of ZFN cleavage in HIV-1 infected cells. Jurkat T cells were infected with the 
HIV-1 pNL4-3-EGFP virus, and EGFP-positive cells were sorted by flow cytometry as HIV-1 -infected cells. Then, the HIV- 1 -infected cells were 
untransfected (mock) or nucleofected with 2.5 ug of ZFN empty vector (negative control) or ZFN-LTR plasmid. At 3 days post-transfection, cells 
were collected for extraction of genomic DNA, and PCR was performed with the F-LTR and R-LTR primers to detect ZFN-LTR-mediated HIV-1 
genomic DNA deletions. Amplicons encompassing the target sites were digested with the T7E1. The expected positions of the resulting DNA bands 
are indicated by an horizontal line (uncut ~583 bp) and a bracket (cut ~450 and ~130bp) at the left of the gel panels. (C) DNA sequences of PCR 
products. The PCR products were cloned and sequenced. ZFN-LTR target sites are shown in boldface letters. Dashes indicate deleted bases relative 
to the wild-type sequence. Inserted bases are shown in italics. In cases where a deletion sequence was detected more than once, the number of 
instances is given on the right in parentheses. (D) Analysis of HIV-1 proviral DNA deletions by quantitative real-time PCR. HIV-1 -infected cells 
were untransfected (mock) or nucleofected with 2.5 ug of ZFN empty vector or ZFN-LTR plasmid. Genomic DNA was isolated at the indicated 
times and subjected to quantitative real-time PCR using gene-specific primers for HIV-1 gag and human fS-globin. The relative copy numbers of gag 
were calculated based on the standard curve obtained by serial dilution (10-160 ng) of an infected cell DNA on the same plate. Normalization was 
carried out by division of gag gene amplicons in mock group of 2 days post-transfection. Data are representative of three independent experiments, 
and error bars represent standard errors (SD). */"<0.05, **i><0.01, ***P<0.001; paired /-test. 



HIV-1 infection of human primary T cells and ELISA 
detection of antigen p24 levels 

Replication competent HIV-1/NL4-3 viruses (CXCR4 
tropism) were generated by using calcium phosphate- 
mediated transfection of HEK293T cells with the 
plasmid of HIV-1/NL4-3. Harvested supernatants of 
transfected cells containing HIV-1 particles were filtered 
and titrated with p24 capture ELISA. Viral stock was 



stored at -80°C. For infection, PHA-P-activated-PBLs 
or -CD4 + T Cells were inoculated with lOng p24 
amount of H1V-1/NL4-3 for overnight and further 
cultured for 3 days after washing off cell-free viruses. In 
all, 1 x 10 7 of infected PBLs or 5 x 10 6 CD4 + T Cells were 
nucleofected with 5 ug of ZFN-LTR or ZFN empty vector 
plamids using the Amaxa Human T Cell Nucleofector kit 
(Lonza). At the indicated times after transfection, viral 
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replication were monitored via quantifying the amounts 
of p24 produced in culture supernatant by using HIV-1 
p24 Antigen ELISA kit (ZeptoMetriX), according to the 
manufacturer's instructions. 

Extraction of genomic DNA and quantitative 
real-time PCR 

To detect changes in HIV- 1 -encoded gag gene copy 
number after ZFN-LTR-mediated recombination, quanti- 
tative real-time PCR analysis was performed as described 
previously (6). Briefly, total genomic DNA was isolated 
from cells using a Blood & Cell Culture DNA Midi Kit 
(Qiagen) according to the manufacturer's protocol. 
Quantitative PCR specific to HIV-1 gag gene (gag- 
forward: 5'-ATCAATGAGGAAGCTGCAGAA-3', 
gag-reverse: 5'-GATAGGTGGATTATGTGTCAT-3', 
gag-probe: 5'-FAM- ATTGCACCAGGCCAGATGAG 
AGAA-TAMRA-3') was performed as follows: 40 cycles 
containing 100 ng genomic DNA, 500 nM forward primer, 
500 nM reverse primer, and 250 nM hybridization probe 
were performed using Platinum qPCR Super Mix UDG 
(Invitrogen) in a Roche Real-Time PCR System. Each 
sample was tested in triplicate, and results were 
normalized using amplification of the same genomic 
DNA with human fi-globin primers (HBG-forward: 5'-C 
TT A ATGCCTT A AC ATTGTGT AT A A- 3' , HBG- 
reverse: 5'-GAATATGCAAATAAGCACACATATAT- 
3', HBG-probe: 5'-FAM-ACTTTACACAGTCTGCCTA 
GTACATTAC-TAMRA-3'). Total HIV-1 DNA levels 
were measured as the relative copy numbers of gag gene. 
The relative copy numbers of gag were calculated based 
on the standard curve obtained by serial dilution 
(10-160ng) of an infected cell DNA on the same plate. 
Normalization was carried out by division of gag gene 
amplicons in mock group. The standard curve of the 
human fi-globin gene as a control locus was used for 
exact quantification of the input sample DNAs, in which 
HIV gag copies were measured. 

PCR and sequencing analysis 

To detect genomic deletions, PCR and sequencing analysis 
were performed as described previously (11,14). Briefly, 
genomic DNA was subjected to PCR analysis using Taq 
DNA polymerase (Promega) and appropriate primers. 
The primers F-LTR and R-LTR were used for DNA 
template from pNL4-3-EGFP-infected cells or HIV- 
based lentiviral infected 293T cells transfected with 
ZFN-LTR (Primers F-LTR-forward: 5'- GATCCTTGA 
TCTGTGGATCTACCA -3', R-LTR-reverse: 5'- ACAC 
TGACTAAAAGGGTCTGAGGG -3'); F-HG and R- 
HG for DNA template from latent cell clone 11 (Cll) 
transfected with ZFN-LTR (F-HG-forward: 5'- TGCCA 
CCCGAAACTATTCACAAG -3', R-HG -reverse: 5'- CC 
GGCATGGATTCCAGTTCTTAG -3'). The PCR 
program (94°C, 3min; 30 cycles of 94°C, 30 s; 55°C, 
30 s; and a final 72° C, 1 min) took place in a 25 ul of 
PCR reaction chamber containing 1 x PCR buffer and 
250 uM dNTP, 3mM MgCl 2 and 0.5 units of BioTaq 
DNA polymerase. PCR products were analyzed by 
agarose gel electrophoresis. For sequencing analysis, 



PCR products corresponding to genomic deletions were 
purified using a Gel Extraction Kit (Tiangen) and cloned 
into the T-Blunt vector using the T-Blunt PCR Cloning 
Kit (TaKaRa). Cloned plasmids were sequenced using 
M13 primers. 

T7 endonuclease 1 assay 

To detect genomic modification mediated by ZFN-LTR, 
PCR analysis were performed as described previously 
(13,14). Briefly, the HIV-1 -infected cells were not trans- 
fected (mock) or nucleofected with 2.5 ug of ZFN empty 
vector (negative control) or ZFN-LTR plasmid. At 3 days 
post-transfection, genomic DNA from ZFN-treated and 
control cells was extracted. The genomic region encom- 
passing the ZFN target site was amplified, melted and 
annealed to form heteroduplex DNA. The annealed 
DNA was treated with 5 units of the mismatch-sensitive 
T7 endonuclease 1 (T7E1) (New England BioLabs) for 
15 min at 37°C and then precipitated by addition of 2.5 
volumes of ethanol. The precipitated DNA was analyzed 
by agarose gel electrophoresis. 

Visualization of EGFP and flow cytometry assay 

To analyze EGFP fluorescence after ZFN-LTR treatment 
in the cell model infected with the pNL4-3-EGFP virus 
containing the HIV-1 provirus, cells were mock-treated 
or nucleofected with ZFN-LTR or ZFN empty vector 
using the Amaxa Cell line Nucleofector kit V (Lonza). 
Expression of EGFP as a marker for activation of 
HIV-1 in infected cell lines was observed by fluorescence 
microscopy. At the indicated times after transfection, all 
three groups of cells were collected and washed with phos- 
phate buffered saline (PBS). They were kept in PBS before 
analysis on a BD LSRII flow cytometer for EGFP 
expression. 

Immunocytochemical analysis of 
double-strand-break-induced 53BP1 foci 

53BP1 immunocytochemical analysis was performed as 
described previously (14). Briefly, Jurkat T cells were col- 
lected at the indicated times after nucleofection with 2.5 
of ZFN-LTR expression plasmid or ZFN empty vector. As 
a positive control, the cells were exposed to 1 mM etoposide 
for 60 min 2h before harvest. Cells were attached on slides 
treated with poly-l-lysine and then fixed with 4% 
paraformaldehyde. The cells were then permeabilized by 
treatment with 0.5% Triton X-100 buffer (0.5% Triton 
X-100, 1% bovine serum albumin (BSA), 0.02% NaN 3 
and 98.5% PBS) for 15 min and then blocked with 10% 
goat serum for 60 min at room temperature. Cells were 
incubated after blocking with anti-53BPl rabbit polyclonal 
antibodies [Bethyl Laboratories, diluted 1:500 in PBS con- 
taining 1% BSA] overnight at 4°C followed by incubation 
with Alexa Fluor 594-conjugated secondary antibodies 
(Invitrogen-Molecular Probes, diluted 1:2000 in PBS con- 
taining 1% BSA) at 37°C in the dark for 2 h. Slides were 
mounted in the presence of 1 mg/ml 4', 6-diamidino-2- 
phenylindole (DAPI) (Sigma) to counter-stain cell nuclei 
and examined under confocal microscope (Zeiss LSM- 
710). Individual regions of 53BP1 fluorescence were then 
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enumerated and measured. Only red fluorescent regions 
that colocalized with nucleus-specific DAPI fluorescence 
were included in the final analyses. 

Statistical analysis 

Data are representative of three independent experiments, 
and error bars represent standard errors (SD). Paired 
samples /-tests were performed with use of SPSS version 
13.0 (SPSS Inc., Chicago), and statistical significance was 
indicated at *P<0.05, **P<0.01 or ***P< 0.001. 

Bioinformatics tools 

The ZFN-LTR binding sequence and the LoxLTR 
sequence were aligned with all HIV-1 genome sequences 
in the Los Alamos HIV Sequence Database (http://www. 
hiv.lanl.gov/) using the web alignment tool (http://www. 
hiv.lanl.gov/content/sequence/NEWALIGN/align.html). 
Then the alignments were used to highlight mismatches by 
similarity using Highlighter for Nucleotide Sequences 
v2.1.1 online (http://www.hiv.lanl.gov/content/sequence/ 
HIGHLIGHT/HIGHLIGHT JCYPLOT/highlighter. 
html). The off-target cleavage events of ZFN-LTR in 
human genome were predicted using an online tool 
called ZFN-Site (http://ccg.vital-it.ch/tagger/targetsearch. 
html). 

RESULTS 

ZFN-LTR is designed to specifically target the highly 
conserved HIV-1 LTR region in HIV-1 provirus DNA 

HIV-1 LTR is a highly conserved region in the HIV 
genome, therefore making it an attractive and ideal 
target for the development of new anti-HIV therapies. 
To design zinc-finger motifs that specifically target the 
HIV-1 of 5'-LTR and 3'-LTR DNA sequences, the 
DNA sequence of HIV-1 strain NL4-3 was submitted to 
Sigma-Aldrich for the design and construction of ZFNs. 
Sixteen candidate DNA sequences in HIV-1 LTR were 
obtained (Supplementary Table SI) and sixteen ZFN 
pairs targeted these sites were assembled. Two pairs of 
ZFNs with confirmed activity in a yeast Mel-1 assay 
were obtained commercially from Sigma-Aldrich 
(Supplementary Figure SI). Based on in vitro cleavage ef- 
ficiency, the ZFN pair, PZFN1/PZFN2 (Set 1), with the 
highest relative Mel-1 activity (which was named ZFN- 
LTR), was chosen for further testing in proof-of-principle 
experiments. The ZFN-LTR (ZFN-LTR-L and ZFN- 
LTR- R, containing five or six zinc-fingers, full amino 
acid sequences in Supplementary Figure S2) binding 
sequence (Figure 1A), which corresponds to 471-508 bp 
of HXB2 reference isolate of HIV-1 (GenBank accession 
number K03455), was aligned with all HIV-1 genome se- 
quences in the Los Alamos HIV Sequence Database, and 
mismatches were highlighted using an online tool (http:// 
www.hiv.lanl.gov/). Conservation analysis showed that 
the total number of sequences analyzed was 344, and the 
average similarity to the ZFN-LTR binding sequence was 
0.937 (Supplementary Figure S3A). This 0.937 conserva- 
tion of the sequence recognized by ZFN-LTR among 



various HIV subtypes was much higher than for the 
LoxLTR sequence recognized by Tre-recombinase, 
whose average similarity was only 0.775 over a total of 
269 subtype sequences (Supplementary Figure S3B), 
indicating that ZFN-LTR is likely to be more effective 
than Tre-recombinase in removing HIV-1 proviral DNA. 

ZFN-LTR mediated targeted HIV-1 proviral DNA 
deletions in infected cell lines 

Next, we determined whether ZFN-LTR could delete 
HIV-1 provirus from HIV-infected cell lines. We infected 
Jurkat T cells with pNL4-3 virus, an HIV-1 pseudovirus, 
carrying EGFP reporter genes (pNL4-3-EGFP). EGFP- 
positive cells were sorted and used to express ZFN-LTR 
plasmids by nucleofection. As controls, HIV-infected cells 
also were untransfected (mock) or nucleofected with 
parental ZFN empty vectors. After 3 days, genomic 
DNA was extracted from HIV-infected cell pools and 
analyzed by PCR. To probe for deletion of the provirus, 
good primer design should be located at the two ends of 
the integrated HIV genome, but it is not easy to get infor- 
mation of all proviral integration sites throughout 
chromosomes in the respective infected cell pools. We 
thus used forward primer (F-LTR) located the U3 
region of upstream of ZFN-LTR target site in HIV-1 5'- 
LTR and reverse primmer (R-LTR) located the U5 region 
of downstream of ZFN-LTR target site in HIV-1 3'-LTR 
(Figure 1A). We found that the large 9.8 kb intervening 
DNA segment between the primers, containing the HIV 
provirus, was too long to amplify under conventional 
PCR conditions. However, a 583-bp PCR product was 
observed not only in the ZFN-LTR plasmid transfection 
group but also in the control ZFN empty vectors and 
mock groups. This is because PCR primers are also 
present in the HIV-1 5'-LTR U5 region and HIV-1 3'- 
LTR U3 region; therefore, they should give a 583-bp 
band even in the unmodified proviral DNA. To distin- 
guish which PCR product result from HIV-LTR 
modified by ZFN-LTR, amplicons encompassing the 
target sites were digested with the T7E1. If the DNA 
amplicons contain both wild-type and mutated DNA se- 
quences, heteroduplexes would be formed. T7E1 recog- 
nizes and cleaves heteroduplexes, but not homoduplexes 
(13,14). The DNA fragments were assessed by agarose gel 
electrophoresis. We found that the 583-bp PCR amplicon 
from the ZFN-LTR plasmid transfection group is cleaved 
into ~450- and~130-bp fragments, butnot in the control 
ZFN empty vectors and mock groups (Figure IB). Next, 
we cloned the PCR product from the ZFN-LTR plasmid 
transfection group and performed sequence analysis. The 
breakpoint junction sequences showed that small deletions 
or insertions regions were present (Figure 1C), which is 
consistent with imprecise repair of ZFN-LTR nuclease- 
mediated DSB via non-homologous end joining (NHEJ). 
To further address the deletion of the provirus, we 
measured the integrated HIV-1 -encoded gag gene copy 
numbers in the genomes of infected cells treated with 
ZFN-LTR or controls by quantitative real-time PCR. 
The results showed significant decreases in gag gene 
copies in infected cells transfected with ZFN-LTR 
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relative to controls at 3 and 7 days after treatment 
(Figure ID). Collectively, these data demonstrate that a 
single ZFN-LTR pair can target two sites with identical 
sequences and cleave integrated HIV-1 proviral DNA in 
infected cells. 

To visually determine whether ZFN-LTR treatment of 
infected cells removed the viral infection from the Jurkat T 
cells, we took advantage of the viral EGFP reporter 
system. Recombination by NHEJ repair after ZFN- 
LTR-mediated cleavage and DNA deletion also cause dis- 
ruptions in EGFP-coding sequences, which can be used to 
monitor the loss of EGFP expression in infected cells. We 
observed by confocal microscopy that a proportion of the 
ZFN-LTR-treated infected cells were negative for EGFP 
reporter expression (Figure 2A), indicating that these cells 
were no longer virally infected. To quantify the frequency 
of ZFN-LTR-mediated HIV-1 proviral DNA deletions in 
HIV-1 -infected cell lines, we assessed the percentage of 
EGFP-positive cells by flow cytometry. We observed 
a loss of EGFP expression in 45.9% of the cell lines 
3 days after treatment with ZFN-LTR at the 2.5 ug of 
dose compared with controls (Figure 2B and C); signifi- 
cant loss was also observed even at lower doses of ZFN- 
LTR (Figure 2C). When using the transfection efficiency 
(~80% for nucleofection in Jurkat cells), we obtained the 
correct excision frequency, which could be up to 57.4%. 
To test whether ZFN-LTR could interfere with expression 
from the LTR promoter, which could contribute to the 
decrease in EGFP expression without actually excising 
the viral genome, we introduced a previously described 
mutation (D450A) at the active site of the Fokl 
domains, which inactivates the catalytic activity of the 
Fokl (27). We found that there was almost no difference 
in the percentage of EGFP-positive cells between the 
inactive Fokl group and the empty vector group 
(Figure 2C), indicating that ZFN-LTR binding to the 
LTR did not contribute to the decrease in EGFP expres- 
sion. Similar results were observed in the HIV-based 
lentiviral infected 293T cells treated with ZFN-LTR 
(Supplementary Figure S4). These results suggest that 
ZFN-LTR treatment effectively excised HIV-1 proviral 
DNA and therefore mediated antiretroviral activity in 
viral infected cells. 

ZFN-LTR-induced excision of integrated HIV-1 proviral 
DNA in human primary T cells 

To determine whether ZFN-LTR could induce excision of 
integrated HIV-1 proviral DNA in viral infected human 
primary cells, human PBL or CD4 + T cells were infected 
with HIV-1/NL4-3 viruses and then nucleofected with 
ZFN-LTR or ZFN empty vector, followed by ELISA of 
culture supernatants for p24 antigen content at the 
indicated times. We found that the transfection of ZFN- 
LTR, compared with empty vector-transfected control, 
decreased HIV-1 p24 production maximally by ~29% 
in PBLs (Figure 3 A) and by -31% in CD4 + T cells 
(Figure 3B). To detect whether the decrease of viral 
production was due to ZFN-LTR-mediated excision of 
integrated HIV-1 proviral DNA, the copy number of 
integrated HIV-l/NL4-3-encoded gag gene was quantified 



by real-time PCR. As expected, integrated-gag genes 
showed significant decrease in ZFN-LTR-treated-, 
compared with empty vector treated-, primary T cells, 
and ~38% decrease in infected PBL cells (Figure 3C) 
and ~20% decrease in infected CD4 + T cells 
(Figure 3D) were observed at 3 or 5 days post-transfec- 
tion. These results confirmed the excision of integrated 
HIV-1 proviral DNA mediated by ZFN-LTR in viral 
infected human primary T cells. 

ZFN-LTR treatment also mediated effective HIV-1 
proviral DNA excision in latently infected T cells 

The persistence of latent HIV-infected cellular reservoirs 
represents the major barrier to virus eradication in 
patients treated with highly active antiretroviral therapy. 
In latently infected cells, the replication-competent 
integrated HIV-1 pro virus remains transcriptionally 
silent, resulting in the absence of viral protein expression 
and the evasion of host immune surveillance and anti- 
retroviral drugs. The molecular mechanisms by which 
integrated HIV-1 is repressed during latency include 
transcriptional interference, insufficient levels of transcrip- 
tional activators, the presence of transcriptional repres- 
sors, epigenetics, nucleosome positioning, insufficient Tat 
activity, blocks to mRNA splicing or nuclear export, 
cellular microRNA (miRNA), and homeostatic prolifer- 
ation of latently infected cells (1,5). The gene therapy 
approaches to eradicate integrated HIV-1 might be an al- 
ternative strategy. Therefore, we next asked whether 
similar results could be obtained in latently infected 
T cells. To address this, we established an HIV-1 
latently infected cell line by transducing the Jurkat 
lymphocytic cell line with a full-length HIV genome con- 
taining EGFP open reading frames under the control of 
the viral 5'-LTR. Cells that exhibited the latent phenotype, 
which at first represented EGFP-negative but could be 
reactivated by TSA treatment, were cloned and further 
characterized. To perform the following experiments, we 
selected the latent cell CI 1, which was found to carry a 
single integrated HIV-1 vector at position Chl6pl3.3 and 
showed low spontaneous HIV-1 promoter activity (29). 
We transfected the Cll with ZFN-LTR or control 
vectors; to probe for deletion of the provirus, we used 
primers located at the two ends of the integrated HIV 
genome normally separated by 10.9 kb when the 
provirus is integrated into the host genome (Figure 4A). 
The PCR product size we observed after ZFN-LTR treat- 
ment was ~1010 bp (Figure 4B), a band size expected 
if the DNA segments between the two ZFN target 
sites were deleted from the chromosome. No 1010-bp 
band in the control groups were observed (Figure 4B), 
indicating that deletion occurred only in the presence of 
ZFN-LTR. 

To ensure that the 1010-bp band was produced by 
rejoining DNA at the endonuclease cut sites, we cloned 
the PCR product and performed sequence analysis. 
Indeed, the ZFN half-site at the 5'-LTR locus is directly 
linked to the ZFN half-site at 3'-LTR locus, indicating 
that the integrated HIV 5'- and 3'-LTR sites had been 
joined, and the intervening 9.8 kb DNA segment had 
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Figure 2. ZFN-LTR-mediated excision efficiency of HIV- 1 proviral DNA in infected cells. (A) Detection of EGFP expression in infected cells treated 
with 2.5 ug of ZFN empty vector (negative control) or ZFN-LTR plasmid or mock-treated by fluorescence microscopy. (B and C) The efficiency of 
HFV-l proviral DNA excision in infected cells untransfected or transfected with 2.5 ug of ZFN empty vector or 2.5 ug of ZFN-LTR with inactive 
Fokl (D450A) or ZFN-LTR plasmid dose titration (0.625-2.5 ug). At 3 days after transfection, the percentage of EGFP-negative cells was measured 
by flow cytometry. Results are presented as fluorescence histograms. Data are representative of three independent experiments, and error bars 
represent SD. *P<0.05, **P<0.0\, ***/>< 0.001; paired f-test. 
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Figure 3. ZFN-LTR-induced excision of integrated HIV-1 proviral DNA in HIV- 1 -infected PBL or CD4 + T cells. HIV-1/NL4-3 infected-PBLs and 
-CD4 + T Cells were nucleofected with 5 ug of ZFN-LTR plasmid or ZFN empty vector, and at the indicated post-transfection time points, (A and B) 
culture supernatants were harvested for detecting HIV-1 p24 production; (C and D) the relative copy numbers of gag were calculated based on the 
standard curve obtained by serial dilution (10-160ng) of an infected cell DNA on the same plate. Normalization was carried out by division of gag 
gene amplicons in ZFN empty vector group of 1 day post-transfection. Data are representative of three independent experiments, and error bars 
represent SD. */><0.05, **P<0.01, ***p< 0.001; paired /-test. 



been deleted (Supplementary Figure S5). The breakpoint 
junction sequences showed small deletions and insertions 
(Figure 4C). These mutagenic patterns are characteristic 
of DSB DNA repair via NHEJ. In addition, micro- 
homologies (shown as underlined letters in Figure 4C) of 
three bases often were observed at the junctions, which 
also strongly supports that the DSB repair was mediated 
by the NHEJ system. 

To analyze the frequency of ZFN-LTR-mediated HIV-1 
proviral DNA deletions in latently HIV-infected cells, we 
also assessed the gag gene copy numbers in the genome from 
cells treated with ZFN-LTR or control group by quantita- 
tive real-time PCR. The results showed significant decrease 
in latently infected cells transfected with ZFN-LTR rela- 
tive to the control groups at 3 days post-transfection 
(Figure 4D). Taken together, these results indicate that 
ZFN-LTR could also excise HIV-1 proviral DNA and 
mediate antiretro viral activity in latently infected cells. 



Specificity of ZFN-LTR in Jurkat T cells 

To determine the safety of ZFN-LTR and ensure that there 
are minimal off-target effects that could lead to cata- 
strophic DSBs in the host genome, we quantified DNA 
damage levels by analyzing the number of DSBs in ZFN- 
LTR treated cells using an antibody against p53-binding 
protein 1 (53BP1), a protein that is recruited to DSBs 
(13,30). Genomic integrity was enumerated by counting 
the 53BP1 foci per nucleus at several time points after trans- 
duction with ZFN-LTR-expressing plasmids by confocal 
microscopy (Figure 5A). Etopside, a topoisomerase inhibi- 
tor that causes widespread DNA breaks leading to cell 
cytotoxicity, was used as a positive control. Etoposide- 
treated cells exhibited an ~ 10-fold increase in 53BP1 
staining compared with ZFN-empty-vector-transduced 
cells that persisted for at least 6 days (J* < 0.01), with an 
average of ~60% of the etopside-treated cells containing 
more than three foci (Figure 5B). In contrast, we observed 
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Figure 4. ZFN-LTR mediated deletions of HIV-l proviral DNA in latently infected cell clone Cll. (A) Schematic representation of ZFN-LTR- 
mediated genome deletions. The red lines in the 5'- and 3'-LTR of HIV-l genome indicate ZFN-LTR target sites. F-HG and R-HG are PCR primers 
(arrows) located at the two ends of the integrated HIV genome, which were used for the detection of genome deletion events. (B) PCR products 
validating ZFN-LTR-induced HIV-l proviral deletions. Jurkat T cells were infected with the HIV-l pNL4-3-EGFP virus; originally, EGFP-negative 
cells, which can be reactivated by TSA stimulation, were then sorted by FACS and identified as HIV-l latently infected cells. The latently infected 
clone Cll cells were untransfected (mock) or nucleofected with 2.5 ug of ZFN empty vector or ZFN-LTR plasmid. Genomic DNA was extracted 3 
days post-transfection. PCR was performed with the F-HG and R-HG primers. (C) DNA sequences of PCR products. The PCR products were 
cloned and sequenced. ZFN-LTR target sites are shown in boldface letters. Dashes indicate deleted bases relative to the wild-type sequence (WT). 
Microhomologies are underlined, and inserted bases are shown in italics. In cases where a deletion sequence was detected more than once, the 
number of instances is given on the right in parentheses. (D) Quantification of integrated provirus. At 3 days post-transfection, genomic DNA from 
infected cells untransfected (mock) or nucleofected with 2.5 ug of ZFN empty vector or ZFN-LTR plasmid was isolated and subjected to quantitative 
real-time PCR using gene-specific primers for HIV-l gag and human fi-globin. The relative copy numbers of gag were calculated based on the 
standard curve obtained by serial dilution (10-160ng) of an infected cell DNA on the same plate. Normalization was carried out by division of gag 
gene amplicons in mock group. Data are representative of three independent experiments, and error bars represent SD. */ > <0.05, **P<0.01, 
***P< 0.001; paired f-test 



that only ~10% of ZFN-LTR-transduced cells exhibited 
more than three 53BP1 foci on days 2 and 4. This gradually 
decreased over time, as the average percentage dropped 
to near control background levels (~5-6%) on day 6 
(Figure 5B). These data show that ZFN-LTR causes 
minimal genotoxicity in treated cells and suggest that 
ZFN-LTR is specific to HIV-l provirus. 

To further validate the specificity of ZFN-LTR, we 
searched for off-target cleavage events within the human 
genome using the ZFN-Site online tool (31). After 
entering the left and right half-site sequences, we defined 
the parameters as follows: two mismatches per half-site 
with a 5 or 6 bp spacer and allowed for left and right 
protein homodimerization. No off-target site for ZFN- 
LTR was found in the human genome. 



DISCUSSION 

The integrated form of HIV- 1 , also known as the provirus, 
is ~9.8 kb in length. Both ends of the provirus are flanked 
by a repeated sequence known as the LTRs. The genes of 
HIV are located in the central region of the proviral DNA 



and encode at least nine proteins. Once the provirus has 
been integrated into the host chromosome, termination of 
the infection process is almost impossible. There are no 
current therapies that directly target integrated HIV 
provirus genomes for cleavage. In this study, we demon- 
strate that ZFN-LTR can specifically and effectively excise 
the integrated HIV-l provirus 9.8 kb DNA segments and 
join together the HIV-l 5'-LTR and 3'-LTR site in several 
infected and latently infected cell types and HIV-1- 
infected human primary T cells using ZFN-mediated 
targeted deletion strategies, indicating ZFN-LTR 
mediated antiretroviral activity. 

The ZFN-LTR-mediated deletion of integrated HIV-l 
provirus strategies may have important advantages. First, 
ZFN can be adapted to recognize many different DNA 
sequences via mutation of the key surface residues within 
the recognition a-helix. Moreover, multiple fingers may be 
linked in tandem to recognize a correspondingly extended 
DNA target. These features permit the design and engin- 
eering of ZFN with high affinity and specificity for a given 
DNA sequence. Second, ZFN can be targeted specifically 
against any gene in HIV genome, especially the target site 
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Figure 5. Genotoxicity assay of ZFN-LTR based on the formation of nuclear repair foci. (A) Intranuclear 53BP1 immunostaining and confocal 
microscopy 2 days after Jurkat T cells were treated with 1 uM DNA-damaging agent etoposide (positive control) or nucleofected with 2.5 ug of 
ZFN-LTR plasmid or ZFN empty vector (negative control). Representative images of cells stained with DAPI (blue) and antibodies to 53BP1 (red) 
are shown. (B) The relative number of cells containing more than three foci was assessed at the indicated times after Jurkat T cells were treated with 
1 uM etoposide or nucleofected with 2.5 ug of ZFN-LTR plasmid or ZFN empty vector. Error bars represent SD, */ > <0.05, **P<0.01, 
***P< 0.001; paired /-test. 



conserved across different HIV-1 strains. Although HIV-1 
does have a high mutation rate, certain sequences in the 
viral genome must be conserved for proper replication of 
the virus, and targeting these sequences for the develop- 
ment of new therapies is the goal of many researchers. 
There are some regions of the 5'-LTR that show remark- 
ably high sequence conservation across all clades, 
probably owing to their role in the viral life cycle. In 
this study, selected ZFN-LTR-binding sequence is ex- 
tremely well conserved, perhaps owing to its location to 
the highly conserved trans-activation-responsive region. 
Conservation analysis results show that our elaborately 
chosen ZFN-LTR target site is more conserved than the 
LoxLTR sequence recognized by Tre recombinase among 
different isolates and subtypes, indicating a higher useful- 
ness of ZFN-LTR than Tre recombinase. 

Third, the excision efficiency of HTV-1 proviral DNA 
mediated by ZFN-LTR is relatively high. In our study, 



our results showed that ZFN-LTR was able to excise the 
integrated HIV-1 provirus 9.8 kb DNA segments and join 
together the HIV-1 5'-LTR and 3'-LTR site in HIV- 
infected and latently infected cell lines and viral infected 
human primary T cells. This result is consistent with a 
number of studies reporting that large genomic deletions 
in human cells mediated by ZFNs targeting two different 
sites (11,32). We observed that the frequency of excision 
was 45.9% in infected human cell lines after treatment 
with ZFN-LTR, which is closed to the decrease in gag 
gene copy number in infected human cell lines 
(Figure ID). These results are similar to those of other 
studies in which the CCR5 disruption by ZFN is found 
in ~50% of the transduced model cell lines and primary 
human CD4 + T cells (13). Lee et al. (11) have demon- 
strated that the interjacent sequence of 15kb between 
CCR5 and CCR2 was deleted in up to 10% of cells. 
Though these results are not comparable across different 
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cell lines subjected to various delivery strategies, the 
excision efficiency of ZFN-LTR for HIV-1 proviral 
DNA is relatively high. 

Finally, nuclease specificity is an essential part of the 
successful biotechnological application of ZFN. An off- 
target cleavage site may confound the interpretation of 
the intended genome-editing event or, worse, lead to an 
adverse event. Based on the consideration of safety issue, 
we took into account of ZFN specificity initially in the 
target site selection and ZFN design. The selected target 
site of ZFN-LTR was so carefully chosen, that even using 
the most stringent definitions available for the ZFN-Site 
online bioinformatics tool (31), we did not find any 
homologous or similar sequence of the target site in the 
human genome. On the other hand, we obtained a com- 
mercially designed pair of ZFNs: one containing six zinc 
fingers and the other containing five zinc fingers that we 
determined to specifically recognize the highly conserved 
ZFN-LTR target site. A combination of six fingers recog- 
nizes a DNA sequence of 18 nt that have a probability of 
occurring after 4 8 nt, much more than the human genome 
size (3000 MB). In addation, we used the heterodimer 
variants of the Fokl cleavage domain in ZFN-LTR, 
which significantly reduce the homodimer-associated off- 
target events (33,34). To address this concern, we detected 
the formation of nuclear repair foci induced by genome- 
wide DSBs via intranuclear staining of 53BP1 (13,30). 
We observed only a transient, approximately 1-1.5-fold 
increase in cells containing more than three intranuclear 
53BP1 foci in ZFN-LTR-transduced Jurkat T cells 
compared with ZFN empty-vector-transduced cells on 
days 2 and 4 of culture. In contrast, etoposide-treated 
positive control cells had ~ 10-fold increase in 53BP1 
staining over control cells that persisted for at least a 
week. Perez et al. also found similar results, where a tran- 
sient 1.4-1.6-fold increase was observed in the mean 
number of intranuclear 53BP1 foci in ZFN-224 
transduced cells as compared with untransduced or 
GFP-transduced CD4 + T cells on days 2 and 3 of 
culture (14). Collectively, these data show that ZFN- 
LTR can target and cleave integrated HIV-1 provirus 
DNA with high selectivity and minimal genotoxicity in 
treated cells. We propose that this minimal toxicity can 
be further reduced in the following ways: by the lowest 
ZFN-LTR concentrations necessary to cleave the target 
sequence to the desired extent, adjusting the DNA- 
binding specificity of the zinc-finger, or modifying the 
linker either between the zinc-finger and Fokl or 
between individual fingers (35^40). 

ZFN-mediated deletion of integrated HIV-1 provirus 
technology could be further researched in an HIV-1- 
infected organism. Although HIV transgenic mice or 
humanized mice provide a possibility for the monitoring 
of ZFN-LTR antiretroviral activity in a small animal 
system, targeting ZFNs to the relevant cells comprising 
the HIV is a major issue and will require significant 
improvements on our existing delivery systems (41). 

In summary, our findings demonstrate that a single 
ZFN-LTR pair can specifically and effectively cleave 
integrated full-length HIV-1 proviral DNA and mediate 
antiretroviral activity in infected and latently infected cells 



in vitro; the strategy that target and excise integrated HIV- 
1 like the one described here will be a useful basis for the 
development of HIV gene therapy in the future. 
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